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Expansins and xyloglucan endotransglucosylase/hydrolases (XTHs) are families of extracellular proteins with members that have been shown
to play an important role in cell wall growth. In this study, three, six, and five members of the wheat α-expansin (TaEXPA1 to TaEXPA3), β-
expansin (TaEXPB1 to TaEXPB6), and XTH (TaXTH1 to TaXTH5) gene families, respectively, were isolated from a dwarf wheat line. The mRNA
expression analysis by real-time RT-PCR indicates that these genes display different transcription levels in different stages/organs/treatments,
possibly suggesting their functional roles in the cell wall expansion process. Moreover, the comparison of the expression levels reveals that most
of the expansins show lower expression than the XTHs. Finally, we present the analysis of wheat α- and β-expansins and XTH families by
expressed sequence tag data mining.
© 2007 Elsevier Inc. All rights reserved.Keywords: Expansin; EST data mining; Dwarf wheat; Gene expression; Xyloglucan endotransglucosylase/hydrolasesThe plant cell wall is the extracellular matrix that not only
plays a central role in protection, but also shapes the individual
cells, thereby establishing the morphology of the whole plant.
The primary cell wall is composed mainly of cellulose,
hemicellulose, pectin, structural glycoproteins, proteoglycans,
and phenolic esters and is divided into two categories based on
the relative amounts of pectin polysaccharides and hemicellu-
losic polysaccharides. Type I walls, which are found in dicots
and noncommelinoid monocots, contain approximately equal
amounts of cellulose and cross-linking xyloglucans, with 20–Abbreviations: XTH, xyloglucan endotransglucosylase/hydrolases; EGase,
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doi:10.1016/j.ygeno.2007.06.01235% pectins, while Type II walls, with fewer xyloglucans (1–
5%) and pectins (b10%), are rich in arabinoxylan and are
present in grasses such as maize, rice, barley, and commelinoid
monocots [1]. Various models of the ultrastructure of primary
cells have been proposed in previous research, with the most
popular one suggesting that the rigid cellulose microfibrils
interact with soluble xyloglucan at the cell surface to form the
basic xyloglucan/cellulose network, which is the “scaffold” and
believed to be the major load-bearing structure that controls
many physiological processes of the cell wall [2].
During growth, the plant cell must enlarge its wall to a
suitable condition, which is a tightly linked action of one or
more loosening processes that modify the linkage of adjacent
cellulose microfibrils to one another and to the wall matrix
polymers. In this process, many wall proteins and physiological
factors such as expansins, XTHs, EGase, and hydroxyl radicals
act synergistically to rebuild the new interaction of cellulose
microfibrils and other cell wall polymers [3–5]. The expansin
superfamily is composed mainly of two groups of related
Table 1
The CODEHOP primers used for the amplification of cDNA fragments encoding wheat expansins and XTHs
Gene family Primer direction Sequence (5′-3′) a (nucleotide) Corresponding conserved
region b (amino acid)
α-Expansin Forward CCGGGTGGCAGAAGGCCCACGCNACNTTYTA ATFY
Reverse GAAGTGCGGGCGCGGCGGRTTRCACCANCC GWCN
β-Expansin Forward GTGGCTGACCGCCAGGGCCACNTGGTAYGG TWYG
Reverse TGCCGTTGGTGGTGTCCATCCTCCAGATNGMNCCCCANGA SWG(S/A)
XTH Forward TCGTCGCAGGGCTCGGAGCACGAYGARNTNGA DEID
Reverse GGGGAAGCGCTAGCGGTCGGTRCARTARTBRTA Y(N/D/S)YC
a The 5′ consensus clamp region is shown on the left of the primer sequence. The short 3′ degenerate core region is shown underlined on the right.
b The corresponding conserved region was chosen from the results of the amino acid sequence alignment of the expansin/XTH gene families and corresponds to the
short 3 degenerate core region.
517Y. Liu et al. / Genomics 90 (2007) 516–529proteins, the α- and β-expansins [6], which share a number of
conserved motifs and are likely to have similar functions.
Expansins are believed to bind to the surface of cellulose
microfibrils, thereby disrupting the hydrogen bonds formed
with xyloglucan and allowing the wall to extend [5–7]. Studies
on several species have revealed the presence of multiple
numbers of the α- and β-expansins in the plant kingdom: 26 α-
expansins and 5 β-expansins in Arabidopsis, with probably a
similar number of α-expansins but more β-expansins (http://
www.bio.psu.edu/expansins/ [8]) in rice and maize. Such a
disparity may be derived from the specialized function of β-
expansins in the grass cell wall [9]. XTHs, previously known as
xyloglucan endotransglycosylase (XETs) [10], are a class of
wall enzymes that cleave xyloglucan chains endolytically and
then rejoin the newly generated free ends to other xyloglucan
free ends or to H2O [11] and are also believed to be involved in
cell wall extension, even though direct evidence is still lacking.
The occurrence of multigene families of expansins and
XTHs suggests that different members may play unique
developmental or tissue-specific roles and may be indispensable
and unable to be substituted in plant growth and development.
Mounting evidence on expansin and XTH family members has
revealed their variable and complex expression patterns. Most
importantly, both families have been implicated in cell wall
elongation in specialized cells in various organs [6,12–14], orTable 2
A list of cloned wheat expansin and XTH cDNAs
Gene ID cDNA length NCBI Accession No. 5′-U
lengt
TaExpA1 965, full AY589583 16
TaExpA2 1142, full AY589584 50
TaExpA3 932, partial AY692477 –
TaExpB1 1034, full AY589578 31
TaExpB2 897, full AY589579 37
TaExpB3 834, full AY589580 16
TaExpB4 898, full AY589581 27
TaExpB5 939, full AY589582 44
TaExpB6 671, partial AY692478 –
TaXTH1 958, full AY589585 50
TaXTH2 1107, full AY589586 50
TaXTH3 938, full AY589587 49
TaXTH4 1100, full AY589588 40
TaXTH5 1056, full AY589589 3cells at the specialized elongation region [15–18], and in a
broad range of responses to different hormones, especially the
growth hormones [13,19,20]. Moreover, their multifunctional
roles are displayed in many abiotic [21,22] and biotic environ-
mental stimuli [23]. The correlation of expansions and XTHs
and their various roles has also been extensively shown
through manipulating the expression of the individual genes
[22,24,25].
The “Green Revolution” of the 1960s, characterized by
dwarf and semidwarf shoots, dramatically increased the food
supply in both developing and developed countries, conferred
by the exploitation of a series of dwarfing genes, altering their
response to gibberellins [26], and rapid adoption throughout the
world. There are two cellular processes controlling the shoot
elongation and thus the plant height, cell proliferation and cell
elongation (expansion), of which the alteration of cell
elongation plays a more significant role. As the important
components underlying cell wall elongation, the roles that
expansins and XTHs play in dwarf and semidwarf hexaploid
wheat varieties are worthy of investigation. Currently, some
preliminary research on the wheat expansin family has been
reported [27,28]. Lin et al. have isolated 18 α- and β-expansins
from wheat, of which 4 β-expansins might contribute to the
heterosis observed in internode length and plant height [27]. By
contrast, there are still no reported studies on the wheat XTHTR
h
3′-UTR
length
Predicted signal
peptide length
Predicted mature
protein length
160 29 262
336 24 251
477 – N150
124 28 292
65 24 264
23 24 264
46 25 274
79 24 271
276 – N130
56 24 283
205 24 283
37 24 283
193 25 288
189 20 287
518 Y. Liu et al. / Genomics 90 (2007) 516–529family itself or its relationship with the functionally related
expansin family. There is also no systematic investigation of the
expression pattern of the wheat expansins and XTHs, especiallyFig. 1. Alignment of the amino acid sequences of TaEXPA1–3 and TaEXPB1–6.Mul
the conserved HFD and T(F/W)YG motifs. The horizontal bars indicate the conserved
near the carboxyl terminus are indicated by asterisks. Five identical C (Cys) residues
follows: AtEXPA1, AAG60095; AtEXPB1, AT2G20750.1.the expression of the tissues/organs/treatments that are involved
in the cell wall elongation process. In this study, we cloned
several members of the expansin and XTH gene families from atiple sequence alignment was performed with ClustalW. Boxed residues indicate
α and β insertions of α- and β-expansins. The four conserved W (Trp) residues
are indicated by arrows. Accession numbers of the Arabidopsis expansins are as
Fig. 2. Alignment of the amino acid sequences of TaXTH1–5. Multiple sequence alignment was performed with ClustalW. Boxed residues indicate the conserved
HDEIDIEFMG domain of XTH gene family. The accession number of the Arabidopsis TaXTH1 is At4g13080.
Table 3
Comparison of the gene numbers of the wheat, Arabidopsis, rice, and maize
expansin and XTH families
Gene family Wheat Arabidopsis Rice Maize
α-Expansin N30 26 a 33 a N9 b
β-Expansin N65 5 a 18 a N18 b
XTH N57 33 c 29 c
a http://www.bio.psu.edu/expansins/.
b Wu et al. [8].
c Yokoyama et al. [34].
519Y. Liu et al. / Genomics 90 (2007) 516–529dwarf wheat line and analyzed their expression patterns using
real-time RT-PCR. Finally, we surmised the possible members
of the wheat expansin and XTH gene families through wheat
EST data mining, which indicates that wheat has more expansin
and XTH family members than rice and maize.
Results
cDNA cloning of α- and β-expansin and XTH gene family
members from wheat
To obtain partial cDNA fragments ofα-expansin,β-expansin,
and XTH gene family members, we used the CODEHOP
strategy [30] for primer design and PCR amplifications. The
primer sequences were derived from the most conserved regions
of the amino acid sequences of putative plant α-expansin, β-
expansin, and XTH proteins reported so far (Table 1). After RT-
PCR amplifications, the products with the expected lengths
(approximately 280, 540, and 540 bp for α-expansin, β-
expansin, and XTH genemembers, respectively) were recovered
and cloned into the pGEM-T vector. The size of the inserts was
surveyed using 6% denatured polyacrylamide gel. The clones
with different insert lengths were sequenced. The primer
sequences were removed before further analysis. The full-length
cDNA sequences of eight genes (TaXTH1, TaXTH2, TaXTH3,
TaXTH4, TaXTH5, TaEXPB2, TaEXPB3, and TaEXPB4) were
generated through EST assembly strategy, and those of
TaEXPA1, TaEXPA2, and TaEXPB5 were obtained through
ESTassembly and by combining the sequence information from
3′ RACE (rapid amplification of cDNA ends) experiments.
Likewise, the full-length cDNA sequence of TaEXPB1 wasconstructed through EST assembly and by combining the
sequence information from 5′ RACE experiments. For
TaEXPA3 and TaEXPB6, only partial cDNA sequences were
obtained from 3′RACE experiments. The amino acid sequences
derived from the full-length cDNAs were analyzed using the
PSORT program. This revealed the presence of signal peptides
(Table 2), whichmay target the deduced proteins to the outside of
the cells, consistent with the notion that plant expansins and
XTHs are cell-wall-bound proteins.
All the cloned wheat α- and β-expansin members contain the
highly conserved regions diagnostic for expansins, including a
series of C (Cys) residues, an HFD (His-Phe-Asp) motif (except
for TaEXPB5, with HLD in this position) that has been
described as the putative catalytic motif [4], a T(F/W)YG motif
near the putative signal peptide, and four W (Trp) residues near
the carboxyl terminus (Fig. 1). The three α-expansins contain
the highly conserved “GWCN” α insertion, while the non-
conserved β insertion, usually composed of seven amino acid
residues, is found in six β-expansins (Fig. 1). The predicted
amino acid sequences of the five wheat XTHs contain the
520 Y. Liu et al. / Genomics 90 (2007) 516–529highly conserved motif DEIDF(I)EFL(M)G (Fig. 2), which has
been proposed to be the active site of XTH proteins [31].
EST data mining of wheat expansin and XTH gene members
To find more members of the wheat expansin and XTH gene
families, TBLASTN and BLASTN searches were performed as
described under Materials and methods. Only the wheat ESTs
showing higher than 40% protein sequence similarity with
confirmed plant expansins or XTHs were selected. In total, 168,
371, and 442 wheat ESTs, representing putative wheat α-
expansin, β-expansin, and XTH gene family members,
respectively, were found. Owing to inaccuracy in the nucleotide
sequences of some ESTs, the following modifications were
carried out before using the selected ESTs for further analysis.
First, in the ESTs that contained the unclear “n” nucleotide in
their sequences, the “n” nucleotide and the sequence following
it were removed. Second, for some ESTs, such as BJ319552
(derived from an XTH gene member); BJ248015, BJ254143,
BE517456, CA727878, and CD876207 (derived from α-
expansin gene members); and BE414327, CD931237,
CA633071, BE406196, and BE406766 (derived from β-
expansin gene members); there existed introns in the reported
nucleotide sequences. These introns were removed. Third, for
some ESTs (such as CK213949), their reported nucleotide
sequences were longer than 1000 bp. But in the BLASTX
analysis the 5′ end sequence showed higher similarity than the
3′ end sequence to known expansin/XTH genes. Moreover, this
discrepancy was also found during BLASTN of the wheat EST
database. Considering the 800-bp readout limitation of EST
sequencing, the 3′ end extra nucleotides were discarded. Fourth,
the stop codon in the putative code region of ESTs was carefully
analyzed according to the results of BLASTX and BLASTN
with the wheat EST database. After the inspection described
above and the removal of redundant ESTs, the final set of ESTs
was subdivided into two categories, the former being part of the
known wheat expansin and XTH genes, which were reported
previously or isolated in this work, and the latter likely to
represent new members of the expansin/XTH gene families.
Based on differences in the deduced amino acid sequences of
the selected ESTs, it was estimated that, in the hexaploid wheat
genome, there may be at least 30 α-expansin, 65 β-expansin,
and 57 XTH members (Table 3).Fig. 3. Phylogenetic analysis of wheat α- and β-expansins. A phylogenetic tree
was constructed using ClustalW and MEGA version 2.1 (http://www.megasoft-
ware.net/) with the neighbor-joining method and bootstrapping (1000 replicates)
to test the inferred phylogeny. Numbers indicate bootstrap percentages. The
α-expansins were classified into ABCD subgroups to maintain consistency with
previous publications [44] and are indicated with the capital letters A–D on the
right. In addition to the 3 TaEXPA and 6 TaEXPB cDNAs reported here, 36
putative wheat β-expansins (pTaEXPB1 to pTaEXPB36), 13 putative wheat
α-expansins (pTaEXPA1 to pTaEXPA13) from wheat EST data mining (Supple-
mental Data 1 and 2), 18 reported wheat expansins (WEXPA1 to WEXPA9,
WEXPB1 toWEXPB10, exceptWEXPB6), 3 putative wheat expansins available
through the NCBI database (AB158404, AY533101, AY533102), 5 Arabidopsis
β-expansins (AtEXPB1 to AtEXPB5), and 4 Arabidopsis α-expansins (AtEXPA3,
AtEXPA5, AtEXPA8, AtEXPA11) were used in this analysis.
521Y. Liu et al. / Genomics 90 (2007) 516–529Structural and phylogenetic analysis of wheat expansin and
XTH members
Sequence analysis shows the same conserved domains
between wheat and other species, but some exceptions are
still found in wheat. One particularly notable motif is the HFD
domain of expansin, which has been considered not only a
characteristic motif in structure but also a putative catalytic
motif in function [32]. Although the HFD motif is present in
most of the analyzed wheat expansins, much divergence is
found in this motif: HFL, HLD, HLE, and HSY in α-expansin
and HID, HLD, HIG, HFE, and RFD in β-expansin. HSY, HIG,
and RFD are identified only in wheat, suggesting that these
motifs may be unique to the wheat expansin family (Supple-
mental Data 1 and 2).
For XTHs, the first E (Glu) in the conserved domain DEID-
FEFLG plays an essential role for its function [31] and this kind
of conservation is also strictly complied with in most of the
wheat XTHs, except wheat EST BE489520, with a putative Q
(Gln) in this position (Supplemental Data 3). Such a disparity is
not supported by another wheat EST and needs to be studied
further.
Wheat expansin shows two distinctive groups in the phylo-
genetic tree, consistent with the α- and β-expansin subfamily
classification. Most of the α-expansins can also be classified
into ABCD subgroups according to former nomination [35]
(Fig. 3).
To analyze the evolution and origination of the wheat
expansins and XTHs further, the cloned and assembled putative
new genes were chosen for the construction of the phylogenetic
tree. Previous research has divided the Arabidopsis XTH
members into three groups, a classification that has been
applied to several other species [11,33]. In rice, groups I and II
are not clearly distinct from each other and were merged into
one group [34]. In barley, a fourth group, including PM2
(X91660) and PM5 (X93173), was nominated [33]. A
phylogenetic tree of Arabidopsis and wheat XTHs was
constructed, which revealed that the wheat XTHs can also be
divided into four groups without deconstructing the former
classification of Arabidopsis (Fig. 4) and the wheat XTHs
distribute in all the four groups. Moreover, the discrepant
distribution of wheat XTHs is also shown in the phylogenetic
tree, with most TaXTHs clustered in group 4, suggesting grass
characteristics of this subgroup. The sequence analysis of
group 4 reveals that the specific M (Met) substituted for L
(Leu) in the conserved domain HDEIDFEFLG is the
characteristic amino acid of this group [35]. Moreover, three
putative plant XTHs (AJ295944, XM_507172, and JE0156),
selected through BLASTP with the PM2 and PM5, also possess
M in this position. ClustalW analysis reveals that they are also
classified into group 4 (data not shown), supporting the specific
M in this subgroup from another aspect. The characteristic L of
grasses also suggests that this substitution begins after the
divergence of Arabidopsis and grasses.
At least one possible N-linked glycosylation site (tripeptides
Asn-Xaa-Ser/Thr, where Xaa can be any amino acid except
proline and rarely aspartic acid) was found in most of theTaXTHs (26 of 28) and the TaEXPBs (34 of 45), while absent in
the TaEXPAs (only 1 of 16) (Supplemental Data 1, 2, and 3,
emphasized with red letter), consistent with previous research
[36]. In the eukaryotes, the N-glycosylation maturation occurs
in the secretory pathway as the glycoproteins are transported
from the ER to their final destination. Some research has
revealed that many members of the expansins and XTHs are
modified by posttranslational N-glycosylation and this glyco-
sylation may be important to their function [37,38]. However,
when considering the inconsistency between the different
glycosylation of the three families and the important role in
its function, we are still far from clearly understanding the
physiological function of the glycosylation of the three families
[36].
Expression patterns of representative wheat expansin and XTH
members
Characteristic organ/tissue-specific mRNA expression pat-
terns were observed in the rapidly elongating anther filament for
TaXTH4, TaEXPA1, and TaEXPA2. Among nine adult tissues/
organs subjected to mRNA expression analysis, TaXTH4,
TaEXPA1, and TaEXPA2 display a significant (pb0.01) increase
in expression in the filament compared to the second highest
expressing tissues/organs, with an 8.61±0.12- (vs the oldest
leaf), 24.55±0.12- (vs the node), and 2.80±0.16- (vs the third
internode) fold increase, respectively (Fig. 5, group A). On the
other hand, some other genes, as represented by TaXTH2 and
TaEXPB1, have the lowest expression in the filament. In
addition to the filament, other adult tissues/organs with sig-
nificantly (pb0.01 vs the second highest expressing tissues/
organs) elevated expressions have been widely observed, such
as the root for TaEXB3 and TaEXPB5, the youngest leaf for
TaXTH2, the node for TaEXPB2 and TaEXPB6, and the third
internode for TaXTH1.
To study the spatial patterns of expression of the wheat
expansin/XTH genes in adult wheat shoots, the third internode,
which is in the fast elongation stage; the youngest internode (the
fourth internode); and the node between them were subjected to
analysis. The results (Fig. 5, group A) reveal that all of the
TaXTHs (TaXTH1–TaXTH5) have a higher expression in the
third internode (pb0.05), indicating a universal function they
may played in the internode elongation, while for the isolated
expansins, we have observed a more diverse expression pattern
among the node and internode, suggesting a complex and more
specific role played by the individual member.
The dwarf and semidwarf wheat lines, due to their reaction
to GA, can be divided into two categories: GA-sensitive and
GA-insensitive. The research material chosen, Lin982015,
contains a GA-sensitive dwarf gene (Rht12), and its dwarf
phenotype can be recovered by GA3 treatment (data not
shown). Our mRNA expression analysis did not find any
significant change after 6 h of GA3 treatment of the etiolated
stem compared to the no-treatment control, suggesting these
genes may not take part in the shoot elongation as stimulated
by GA3 (Fig. 5, group B). In addition to GA3, we tested the
reactions of the 14 genes with the other phytohormone
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Fig. 5. Expression profile of the individual wheat expansin and XTH genes as studied using real-time RT-PCR. The research material was harvested as described under
Materials and methods and was numbered from 1 to 17: 1, the root; 2, the third internode; 3, the fourth internode; 4, the node between the third and the fourth internode;
5, the young spike; 6, the youngest leaf; 7, the oldest leaf; 8, the fast elongating filament; 9, the shoot of the etiolated seedling; 10, the shoot of the etiolated seedling
with 6 h of BL treatment; 11, the shoot of the etiolated seedling with 6 h of GA3 treatment; 12, the green seedling; 13, the green seedling with 2 h of IAA treatment; 14,
the green seedling with 2 h of ABA treatment; 15, the green seedling with 2 h of 6-BA treatment; 16, the green seedling with 2 h of JA treatment; 17, the green seedling
with 2 h of SA treatment. The root expression level of individual genes was set as a control and adjusted to onefold. The samples were manually divided into groups A
(1–8, for organ/tissue), B (9–11, for the shoot of the etiolated seedling and its treatment), and C (12–17, for the green seedling and its treatment) for easy comparison.
The experiment was performed in triplicate.
523Y. Liu et al. / Genomics 90 (2007) 516–529treatment. The results as displayed in Fig. 5, groups B and C,
reveal that even though different expressions (pb0.05)
have been widely observed after the treatment, most of them
display less than twofold change, possibly suggesting they
may not play a role or play a minor one in these phytohormone
stimulations.Fig. 4. Phylogenetic analysis of wheat and ArabidopsisXTHs. A phylogenetic tree wa
net/) with neighbor-joining method and bootstrapping (1000 replicates) to test the
classified into four subgroups and are numbered on the right to maintain consistency w
here and the 24 putative wheat XTHs (pTaXTH6 to pTaXTH29) through wheat ES
reported barley (Hordeum vulgare L.) XTHs (HvPM2 and HvPM5) were used in this
Rose et al. [11].From the same test samples and inner control for the 14
genes, not only could the mRNA transcription levels across the
various organs and different treatments be analyzed, but also the
relative mRNA transcription levels between the 14 genes. To
simplify the analysis, the adult root was selected for this
comparison and served as the standard for expression analysis.s constructed using ClustalWandMEGAversion 2.1 (http://www.megasoftware.
inferred phylogeny. Numbers indicate bootstrap percentages. The XTHs were
ith previous publications [33]. In addition to the 5 wheat XTH cDNAs reported
T data mining (Supplemental Data 3), 13 Arabidopsis XTHs (AtXTHs) and 2
analysis. The Arabidopsis sequences and accession numbers are as described in
Fig. 5 (continued).
524 Y. Liu et al. / Genomics 90 (2007) 516–529Fig. 6 reveals that most TaEXPs show a relatively lower ex-
pression level than the five XTHs.
Discussion
In this study, we identified three, six, and five members of
the wheat α-expansin (TaEXPA1 to TaEXPA3), β-expansin
(TaEXPB1 to TaEXPB6), and XTH (TaXTH1 to TaXTH5)
groups, respectively. Our further analysis through EST data
mining reveals that wheat expressed far more α- and β-expansin
and XTH members than any other grass. To reveal the innate
biological relationship between the large number of members
and wide array of vital functions of the gene family, we have
performed a systematic analysis of the expression pattern for the
cloned genes, especially their expression levels in the stages/
tissues/stimulations that are involved in the cell wall elongation
process.
We have estimated that there are more than 30, 65, and 57
expressed members for α-expansins, β-expansins, and XTHs,respectively. Usually the sum of singletons and assemblies is
larger than the true number of represented genes because the
various truncated cDNA clones cannot be assembled when they
originate from a long mRNA. In our analysis, only the 5′ end
ESTs were chosen for the calculation of the representative genes,
which makes our estimation the minimal number for the gene
family. Furthermore, due to the highly identical nucleotides
among the members of the gene family, the assembly software
always groups the different gene families into a single consensus.
In our analysis, this kind of single consensus was divided
manually to optimize the quality and fidelity of assembly
sequence. Even though wheat has the highest number of ESTs in
the plant kingdom, many of the ESTs generated through PCR
amplification with CODEHOP primers cannot be assembled
(data not shown), suggesting that they represent a new member
of the gene family, and considering the hexaploid genome of
wheat, there must be more members than our estimation.
To our knowledge, we are the first to apply the CODEHOP
strategy to clone members of the expansin and XTH families,
Fig. 6. The wheat expansin and XTH genes display various abundances of
expressed mRNA. The adult roots were taken for comparison of the relative
expression levels between the isolated wheat expansin and the XTH genes.
TaEXPA1 was set as onefold, and the y axis represents the relative expression
level of each gene. This experiment was performed three times.
Fig. 5 (continued).
525Y. Liu et al. / Genomics 90 (2007) 516–529taking the position of widely used degenerate primers,
designed by conserved amino acid domains for PCR, as the
first step toward expansin [13,25] and XTH [39] cloning. In
our study, the same degenerate primers as described by Reidy
et al. [40] for XTH generate six bands in a sequencing gel
(data not shown). However, the six sequenced bands are not
out of the scope of CODEHOP primer amplification after
sequence verification, suggesting that CODEHOP has higher
efficiency. For the widely used degenerate primers, one always
confronts the problem of the degeneracy increase to accom-
modate more divergent genes. The most conserved domains of
expansin and XTH are only three or four amino acids, which
always calls for a decrease in the representatives of the
degenerate primers to find a usable one. The CODEHOP
primers improve the representatives while decreasing the
degeneracy and will be widely used in cloning new members
of the gene family.
Expansin and XTH are two gene families involved in plant
cell wall elongation. The redundancy of multigene families and
the various expression patterns from gene to gene make cloning
all the members the prerequisite step for the family studies. For
species such as Arabidopsis and rice, whose genomes have
been sequenced, such a prerequisite is feasible through direct
genome analysis and has been completed [11,34]. For most
species with unsequenced genomes, there are three main ways
to clone the members of a gene family: a cDNA library screen,
EST assembly and RACE, and purification of the protein. For
wheat, which has the largest EST repository (855,238 ESTs as
of March 16, 2007) in plants, the EST assembly is without any
doubt, in our opinion, the best method for cloning. In our
research, the EST assembly has been used in gene cloning and
the estimation of the number of gene family members. Eventhough limited members of the expansin and XTH gene families
have been cloned using the EST assembly in this study, its
efficiency and convenience in cloning the members of gene
families, especially in species wealthy in EST deposits, have
been greatly supported.
Expression analyses of expansins and XTHs in different
species and at various developmental stages/organs/treatments,
especially the physiological processes that are related with cell
wall elongation, have been well investigated [6,12,13,15–20].
Former research was based mainly on conventional RNA blot
analysis, which needs a sequence-specific probe for hybridiza-
tion with the mRNA of interest (or a cDNA copy thereof).
However, the nucleotide sequences of the family members
always share a reasonably high similarity, sometimes even more
than 90%, as is the case with TaXTH1 and TaXTH2, which
makes it difficult to select a specific probe for each member.
Furthermore, genes with a very low expression remain difficult
to detect by Northern blot techniques [8,36]. The PCR-based
approaches, especially real-time RT-PCR, for quantifying
individual mRNAs are being adopted more and more due to
their advantages of speed, sensitivity, specificity, and quantifica-
tion [41]. Our expression analysis clearly reveals the uneven
mRNA transcription level between wheat expansin and XTH
families. In comparison with Arabidopsis, which has a total of
10 α-expansin and 26 β-expansin genes [42], β-expansins are
more numerous and more abundantly expressed in grasses such
as rice and maize than α-expansins [8]. Many interpretations
claim that α- and β-expansins act on different matrix poly-
saccharides in the cell wall and that, in grasses, the targets of β-
expansin have a more dominant role in wall structure and wall
mechanics than they do in dicots and other species with Type I
walls [6,8]. Our research has estimated there are at least 30 and
65α- andβ-expansin genes, respectively, in wheat, which is also
consistent with the identified 168/371 ESTs of α- and β-
expansins in the wheat EST database. In maize, 3 of 5 α-
expansins and 2 of 8 β-expansins cannot be detected in the
526 Y. Liu et al. / Genomics 90 (2007) 516–529juvenile and adult stages by Northern analysis [8]. However,
real-time RT-PCR makes the detection more accurate and
sensitive, which reveals not only that β-expansins have a
relatively higher expression than α-expansins in wheat, but also
that the wheatα-expansins were greatly and specifically induced
in the fast elongating filament, suggesting that the α-expansins
play a special and important role in this kind of physiological
process. Similar to the fast elongating filament, developing
cotton fibers also undergo a fast elongation process. Expression
analysis by RT-PCR has clearly revealed that 2 α-expansin
genes, GhExp1 and GhExp2, are highly and specifically
expressed in cotton fiber development [18]. The research into
the plant expansins has determined that there are both α- and β-
expansins by the evolution of gymnosperms [42]. However, the
different patterns of wheat α- and β-expansins may suggest that
they developed in two different ways due to their functional
redundancy and the pressure of evolution: the α-expansins are in
charge mainly of some cell-specific functions, while the β-
expansins play a major role in most of the expansin-related
functions. The wheat XTHs had an even higher expression level
thanβ-expansins, which may be due to the fact that their specific
function cannot be substituted for by any other gene family.
The expression pattern of the gene family members is
correlated not only with their putative function, but also with
their deduced amino acid sequence. The comparative analysis
of the aspen, Arabidopsis, and pine expansins shows that
subfamily A of the α-expansins has the highest expression in
the secondary xylem, which has two conserved motifs at the
beginning and the end of the mature protein, RIPGV andTable 4
Primers for RACE and full-length cDNA amplification
Gene ID Primer for RACE
TaExpA1 3r-1: 5′-ACGGGAACCTGTACTCGACGGGG-3′
3r-2: 5′-CATCACGGCCACCAACCTCTGC-3′
TaExpA2 3r-1: 5′-GCTGTTCAACGAGGGGCA-3′
3r-2: 5′-CCAACTTCTGCCCGCCCAACTAC-3′
TaExpA3′ 3r-1: 5′-TGCGGGTCGTGCTACGA-3′
3r-2: 5′-CAACCTGTGCCCGCCCAACTAC-3′
TaExpB1 5ra2: 5′-TCGCCAGGTAGTTGGGGT-3′
5ra3: 5′-CGGAGCAGGCACGATGGGC-3′
TaExpB2
TaExpB3′
TaExpB4
TaExpB5 3r-1: 5′-CCTCAGTGGCACCGCATTCG-3′
3r-2: 5′-GCGTGGCTCCAACCCTAACTAT-3′
TaExpB6 3r-1: 5′-GGATGCGGCTCATGCTACCAGATAC-3′
3r-2: 5′-TCAGGAGGGTGCCGTGCCAGTA-3′
TaXTH1
TaXTH2
TaXTH3′
TaXTH4
TaXTH5KNFRV, respectively [43]. Only TaEXPA3 of the three cloned
wheat α-expansins belongs to subfamily A and has the highest
expression level in the stem (internodes) among the three cloned
wheat α-expansins (Figs. 5 and 6). Even though it is an
incomplete cDNA with only KNFRV, TaEXPA3 has both the
RIPGVand the KNFRV motif when assembled with wheat EST
CD915904. Furthermore, the putative protein of TaEXPA3
shows the highest identity with WEXPA9 (AY543535), and the
latter has two RIPGV and KNFRV conserved motifs.
Our combined results indicate that the wheat α- and β-
expansin and XTH gene families have more members than
those of any other species. The expression analysis for a number
of the members reveals that expansins and XTHs may function
together to regulate many physiological processes. Moreover,
the expression analysis also reveals that the expression patterns
of the α- and β-expansins and XTHs are quite different from
one another: the α-expansins seem to be specific to some organs
or development stages, while the β-expansins and XTHs are
necessary for most of the processes involved in cell wall
elongation. More work is needed to test this hypothesis.Materials and methods
Plant material
Lin 982015, a hexaploid dwarf wheat line (Triticum aestivum L.) with the
GA-sensitive dwarf gene Rht12, kindly provided by Mr. S.W. Wang from the
Jiangsu Academy of Agricultural Sciences, was used for gene cloning and
expression analysis. For adult stage gene expression analysis, the seeds werePrimer for full-length cDNA amplification
Forward: 5′-CATTGATCTCTCTAACATGGGGAC-3′
Reverse: 5′-CATGGATGGACACAATACCTCGT-3′
Forward: 5′-CGCTTTACCGAGCTAGAAAGGCAC-3′
Reverse: 5′-ATGGCAGGATTCGGCAACAACAGA-3′
Forward: 5′-GCATTCGCCACAGCAGACCAG-3′
Reverse: 5′-TAAGCGCCGCCGAATACATCATAG-3′
Forward: 5′-CTACCCCCACAAGCTCGAAGAAG-3′
Reverse: 5′-CAGATACCAAATCAAGCCAATGC-3′
Forward: 5′-TACCACCAGTGGCAACCCTGAC-3′
Reverse: 5′-AGCTCCTTGATCCCACGCAAAA-3′
Forward: 5′-CAAGTGCCACTGGCTACTAGTGC-3′
Reverse: 5′-CCGAATTAATCAACGTCTTCGTC-3′
Forward: 5′-CCCTACAGGTCCAACAAGGTTCATA-3′
Reverse: 5′-GCCACACATATTCAGGACACACAA-3′
Forward: 5′-GCGGTACAGAGGAGGCAAGCAGAG-3′
Reverse: 5′-ACGAGGAAGGAAGGATGAAAGGAA-3′
Forward: 5′-GCGGTACAGAGGAGGCAAGCAGAG-3′
Reverse: 5′-TCCAGGCAGAGAAATCACAAGAACC-3′
Forward: 5′-GCGGTACAGAGGAAGCAGCAGGG-3′
Reverse: 5′-CGACGAGGAGGAAAGAAAGGAAGAAT-3′
Forward: 5′-CGGCACGAGGCAGAGTAGCA-3′
Reverse: 5′-CAAGTAAAGGTGGCAAAAATGAATGTA-3′
Forward: 5′-GCGATGAGGACGGTGGCG-3′
Reverse: 5′-CGTGTGACAACGAAACAAATGAAA-3′
Table 5
Primers used in real-time RT-PCR analysis
Gene ID Forward primer sequence Reverse primer sequence
TaExpA1 5′-CCACCAACAAGCAGTTCTCTTAATT-3′ 5′-CATACATCCCCACAAAAAAAGGAC-3′
TaExpA2 5′-AGCATTTTGATCATTGTTAGTGTGG-3′ 5′-AAATAAATCACCTTGCGATGTTTTC-3′
TaExpA3′ 5′-GTCTGTGTTGGTGTGTTTTTCCC-3′ 5′-AACCATCACCTCTTTACCCTAATCA-3′
TaExpB1 5′-TACAGATCCCTGGTCCAGTTCG-3′ 5′-CATCATAGGTAGAACAAGACGACGA-3′
TaExpB2 5′-CTCCATCGTCCAGTACAGCTGA-3′ 5′-CATGATTCCAAATGATGAGTTCG-3′
TaExpB3′ 5′-CTGCTGGCTACGATTAATTGCTC-3′ 5′-CCCACGCAAAATACAAAAGATAAA-3′
TaExpB4 5′-TACCAGATACGATGCGTCAATAACA-3′ 5′-TTGCCCACAGGGTAGTAGTTCAT-3′
TaExpB5 5′-GGTCCAACCTCCAGTTCTATTGAT-3′ 5′-AATCGACGACAGTTAACACGCTT-3′
TaExpB6 5′-TGCCTTATGTAGCAGGGTGAGAC-3′ 5′-GTACACGATGGACGACGACACTA-3′
TaXTH1 5′-CGAGAGCAAGTACATGTCCTACGA-3′ 5′-GAAAGGAAGAAACTGATGGACGAT-3′
TaXTH2 5′-ATCCAGCGTCAATTCCTTCCTT-3′ 5′-TCGAATCGAATGGACAAACAAG-3′
TaXTH3′ 5′-CGAGAGCAAGTACATGTCCTACGA-3′ 5′-AAGAAAGGAAGAATTTGATGATGGA-3′
TaXTH4 5′-TCATTGATTAATTTCTTCCGTTGCT-3′ 5′-AAGATGGGATGAACAAGAAGAACAA-3′
TaXTH5 5′-CCGTCATCTGAGATGTGTTTTGTT-3′ 5′-CATTTACACCATCCGACAGAGCT-3′
α-Tubulin 5′-TCTCATGTACCGTGGTGATGTTG-3′ 5′-AACTGAATAGTGCGCTTGGTCTT-3′
527Y. Liu et al. / Genomics 90 (2007) 516–529sown in the experimental station of the Institute of Genetics and Developmental
Biology in October 2003. Nodes, internodes, the youngest leaf (flag leaf), the
oldest leaf (the second emerged leaf), roots, and young spikes were collected
during the next April at the flowering stage. To investigate gene expression in
the fast elongating anther filaments, the glumes of the florets pending bloom
were scissored from 10:00 AM to 2:00 PM for stimulation, and the fast
elongating filaments were harvested at less than 10 min after the stimulation. For
phytohormone treatment, the seeds were surface sterilized with sodium
hypochlorite (NaClO) solution (effective chloride concentration 2.0%) for
10 min at room temperature and then germinated in petri dishes in darkness or
16/8 h light/dark cycles, at 25 °C with about 70% relative humidity. After
10 days of germination, the green seedlings with 16/8 h daily light treatment
were sprayed with 10 μM ABA, 10 μM 6-BA, 100 μM JA, 1.5 mM SA, or
100 μM IAA. Equal numbers of seedlings were sprayed with buffer or water as
mock controls. The treated seedlings and the controls were harvested after 4 h.
To investigate stem responses to GA3 and BRs, the stem sections of 10-day-old
etiolated seedlings were treated with GA3 and BL in concentrations of 50 and
1 μM, respectively, following the procedure of Lee and Kende [29]. All
harvested materials were frozen immediately in liquid nitrogen and stored at
−80 °C for subsequent RNA extraction.
cDNA cloning and sequence analysis
Total RNA samples were prepared from the material collected above
using the Trizol reagent (GIBCO BRL, Grand Island, NY, USA) and digested
with DNase I (Promega, Madison, WI, USA) to eliminate genomic DNA
contamination. Two micrograms of RNA was used for reverse transcription
with oligo(dT)18 primer and 200 units M-MLV reverse transcriptase
(Promega) in 20 μl reaction solution according to the manufacturer’s
instructions. The resulting products were diluted fivefold with sterile water,
and 2 μl was subjected to PCR amplification using CODEHOP primers [30]
(Table 1).
PCR products of the anticipated size were subcloned into a pGEM-T vector
(Promega). The clones were amplified with SP6 and T7 primers and the products
were separated by denatured polyacrylamide gel (6%) electrophoresis and the
size of the PCR products were estimated after silver staining. The nucleotide
sequences of the selected clones were determined from both strands by
automatic DNA sequencing.
Generation of full-length cDNAs
The sequence information obtained from the above experiments was used to
search the NCBI wheat EST database to generate full-length cDNA sequences.
For the clones that did not have matching ESTs in the NCBI database, 5′ and/or
3′ RACE experiments were conducted to generate full-length cDNA sequences.
RACE was performed using 5′ and 3′ RACE System Kits (GIBCO BRL)according to the manufacturer’s instructions. The primers used for the RACE
experiments and to amplify the full-length cDNAs are listed in Table 4. PCR
products were subcloned and sequenced as described above.
Real-time RT-PCR
The oligonucleotide primers for the real-time RT-PCR analysis were designed
based mainly on the nucleotide sequences of the 3′-UTR of the corresponding
genes and with Primer Express 2.0 (Applied Biosystems, Warrington, UK) (Table
5). Real-time RT-PCR was carried out using a relative quantity based on the
comparative CT method, with the α-tubulin gene as an endogenous control. PCR
was carried out using the SYBR Green PCR Master Mix (Applied Biosystems) in
optical 96-well reaction plates (Applied Biosystems) on an ABI Prism 7900 HT
sequence detection system according to the protocol provided by the supplier. All
reactions were performed in triplicate.
Sequence alignment, phylogenetic analysis, and data mining
Alignment was performed using ClustalW (www.ebi.ac.uk/clustalw) with
the default options. Phylogenetic trees were developed using ClustalW and
MEGA version 2.1 (http://www.megasoftware.net/) with the neighbor-joining
method. EST assembling was performed using Seqman 5.03 (DNASTAR, Inc.,
Madison, WI, USA) and adjusted manually. The SignalP 3.0 server (http://www.
cbs.dtu.dk/services/SignalP/) and PSORT www server (http://psort.nibb.ac.jp/)
were used for signal peptide analysis. The putative N-glycosylation sites were
analyzed at the Prosite Web page (http://www.expasy.ch/prosite).
For EST data mining, the cloned plant expansins and XTHs were selected to
perform TBLASTN and BLASTN searches at the NCBI GenBank EST database
(http://www.ncbi.nlm.nih.gov, default values) and U.S. Department of Agri-
culture wheat EST database (http://wheat.pw.usda.gov/wEST/blast/). The
obtained wheat ESTs were subjected to BLASTX (http://www.ncbi.nlm.nih.
gov/BLAST/) at the NCBI GenBank to ensure the representation of the putative
wheat expansin and XTH gene family members.
Supplementary data
The results of the wheat EST data mining of α- and β-expansin and XTH
gene families are shown on three supplementary tables available online. The red
letters represent the putative N-linked glycosylation sites.Acknowledgments
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